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ABSTRACT The skeletal muscle (SKM) L-type Ca2+ channel is composed of a central subunit designated a,, which contains the pore and
the dihydropyridine (DHP) binding domains and three associated subunits, a2/6, f3, and y, which influence the activity of the SKMa1.
Coexpression of SKMa1 and SKMII in stably transfected mouse L cells results in a dramatic increase in DHP binding accompanied by
fast gated Ba2+ currents. We report here that this "SKMa1,3-related phenotype" can be converted upon intracellular trypsin treatment into
a slowly inactivating, DHP sensitive "SKMa1 phenotype." These observations indicate that current amplitude, fast inactivation, and DHP
sensitivity are modulated by an interaction of SKMa1 and SKM,B on the internal side of the membrane.
INTRODUCTION
Complementary DNAs coding for the SKM Ca2+ chan-
nel subunit proteins have been cloned (1-4). The
SKMa subunit generates a high voltage activated, very
slowly inactivating, and DHP-sensitive Ca2+ channel
when expressed in mouse L cells (5). The associated a2/
6, A3, and y subunits have putative regulatory characteris-
tics (6-12) that can be described as: (1) facilitation of
anchoring of a 1, (2) protein stabilization and (3) direct
subunit modulation. Thus far, no clear evidence for any
of these mechanisms has emerged. We now report that
an interaction between SKMa1 and SKM3 is specifi-
cally disrupted by intracellular proteolytic treatment,
demonstrating an essential role for the subunit in SKM
Ca channel gating and DHP modulation.
MATERIALS AND METHODS
In mouse Ltk- cells, a cell line was established, expressing the SKM a I
subunit (LCa.l 1)'as previously described (5). The parental Ltk- cell
line displayed no detectable Ca2" channel activity, as well as transcripts
for any of the SKM Ca2" channel subunit (5, 6). LCa. 11 cells were
transfected with various combinations of expression plasmids for
SKMa2, SKM,B, and SKMy subunit complementary DNAs as previ-
ously described (6). Stable transformation by cDNA transfection, selec-
tion of surviving cell colonies, and Northern blot analyses were per-
formed as previously described (6), in order to characterize LCa. 1 1-de-
rived cell lines coexpressing Ca2+ channel subunits. Two cell lines,
coexpressing only SKMal and SKM,B (La l,B/6, Lal#f/7), and a cell
line coexpressing SKMal, SKM,B, SKMa2, and SKM^y (Lala2fr-y/3)
were used in these experiments. Dot blot and Northern blot analyses
were used to quantitate the approximate level ofSKM subunit mRNA
in the various transfectants, as described in (13). The relative mRNA
expression levels were estimated in cell lines coexpressing SKMa 1 and
SKM(3. The level ofSKMa I mRNA remained identical in the LCa. 11
and all derived cell lines. Although we do not know the exact correla-
tion between mRNA ratios and protein ratios in these cell lines, we
might estimate that relative protein expression levels were kept in an
array similar to mRNA ratios.
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The methods for electrophysiological recordings were previously de-
scribed (6). All the Ca2+ channel current measurements were done us-
ing 40 mM Ba2' in the external medium (mM): Ba(OH)2, 40; gluta-
mate, 40; N-methyl D-glucamine, 80; HEPES, 10; MgCl2, 2 (pH ad-
justed to 7.4 with CH3SO3H). The analyzed cells had membrane
capacitances between 80 and 120 pF. Three different trypsin prepara-
tions were tested with identical results (type I, type XI, both from
Sigma Chemical Co., St. Louis, MO; trypsin 2.5%, Gibco Laboratories,
Grand Island, NY). Most ofthe experiments were done using a trypsin
concentration of 1 mg/ml (see, for example, reference 17). At higher
concentration (2 mg/ml) the effects occurred even faster. Other en-
zymes used were purchased from Sigma Chemical Co.: carboxypepti-
dase A (type I; 1 mg/ml), leucine aminopeptidase (type III; 250 IU/ml).
These enzymes were added to a standard pipette solution (mM): N-
methyl D-glucamine, 1 10; MgCl2, 2; EGTA, 20; HEPES, 15 (pH ad-
justed to 7.3 with CH3SO3H). The protease-containing solutions were
freshly prepared (renewed every 2 h) and filtered before filling the pi-
pette. No effect on Ba2+ current modulation was observed when trypsin
was inactivated by heat or used in the presence of specific inhibitors
(not shown).
RESULTS AND DISCUSSION
It has been shown for Na+ channels (14), Shaker K+
channels (15, 16), as well as Ca2l channels (17-19), that
major structural determinants involved in ion channel
inactivation are accessible to internally perfused pro-
teases. In La lf3/6 cells coexpressing the SKMa1 and
SKM,B subunits, internal perfusion with trypsin ampli-
fied Ba2+ current by three- to fourfold (Fig. 1 a). This
time-dependent increase in Ba2+ current amplitude was
associated with a slowing ofthe current kinetics (n = 1 1).
After 5 to 7 min oftrypsin treatment, the inactivation of
the Ba2+ currents became similar to that obtained in cells
expressing SKMa 1 alone (Fig. 1 b; reference 6). A simi-
lar result was obtained upon internal perfusion with car-
boxypeptidase A, since the treatment with this protease
also increased current amplitude and slowed current in-
activation (n = 3; Fig. 1 c). In contrast, leucine amino-
peptidase (n = 4) produced no change in the Ba2+ current
properties (data not shown). Extracellular application of
trypsin (1 mg/ml, for 5 min) was also ineffective (n = 3).
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FIGURE 1 Differential effects of internal perfusion of proteases in
LCa. 11 cells and La 1(3/6 cells. Ba2+ currents were recorded on La 1(,/6
cells (a, b, c) using a +20 mV test pulse (TP; a, c) from -60 mV holding
potential (HP). A +30 mV TP was used to record al-related Ba2+
currents on LCa. 11 cells (d, e). (a) Ba2+ currents were recorded every
min for 7 min (as indicated on the traces) upon intracellular perfusion
of trypsin (1 mg/ml) in La 1 ./6. (b) Family of Ba2+ currents recorded
on La 113/6 cell perfused for 8 min with 1 mg/ml trypsin. The TPs are
indicated on the traces. The threshold of activation was observed for a
TP at 10 mV. The peak of the current-voltage relationship occurred at
30 mV (time to peak: 3.4 s). (c) Effect ofinternal perfusion with carbox-
ypeptidase A (1 mg/ml) in a La 1 3/6 cell (Ctrl and after 6 min). 1 4M
Bay K 8644 was present in the bath. (d) Time dependent modulation of
the Ba2+ current upon trypsin perfusion in a LCa. 11 cell (Ctrl and after
7 min). (e) Effect ofcarboxypeptidase A perfusion in a LCa. 11 cell (Ctrl
and after 8 min).
The effects of intracellular trypsin treatment on
current amplitude and inactivation observed in La 1,B/6
cells resemble those reported for cardiac and smooth
muscle L-type Ca> channels (17-19), an effect which
has been attributed to proteolytic action on the a 1 sub-
unit (17). Contrary to this concept, intracellular perfu-
sion of trypsin (1 mg/ml) in cells expressing only the
SKMa 1 subunit (LCa. 1 1), produced no change in am-
plitude or kinetics of the Ba> current (n = 17; data not
shown). Moreover, in some of these cells, a rundown
(Fig. 1 d) of the SKMa 1 Ba> current amplitude was
observed (35 ± 9% decrease in Ba2+ current amplitude
n = 5, after 5 min; less than 5 to 10% in control cells, n =
20). The SKMa Ba2+ current was also insensitive to
other proteases such as carboxypeptidase A (1 mg/ml;
n = 5; Fig. 1 e) that increase native Ca2+ channel currents
( 17). Similarly, in La 1 a2/3 cells (see reference 6), which
coexpress SKMa and SKMa2, intracellular perfusion
oftrypsin (1 mg/ml) did not affect the Ba2+ current prop-
erties. These observations indicate that SKMa1 func-
tions are unaffected by proteolytic cleavage. Taken to-
gether, the data clearly show that structural determi-
nants ofSKM Ca2+ channel gating must involve both the
a1 and the : subunits.
Coexpression of SKMa 1 and SKM/ resulted in Ba2+
currents with greatly reduced sensitivity to the DHP ago-
nist Bay K 8644 (Fig. 2 a; reference 6). After trypsin
treatment of Lal/6 cells, the Ba>2 current displayed
sensitivity to Bay K 8644 (Fig. 2 b) as well as to the DHP
antagonist isradipine (PN200-110) (data not shown).
The tail current amplitude was also enhanced in the pres-
ence ofBay K 8644 (Fig. 2 b), similar to that reported for
cells expressing a 1 alone (5, 6). The restoration ofBay K
8644 enhancement ofthe tail current required 4 to 6 min
of trypsin treatment (Fig. 2 c), comparable to the time-
dependent increase in current amplitude (Fig. 1 a). Ba>2
currents were greatly enhanced by the presence of 1 AsM
Bay K 8644 (2.5-fold, n = 7), and displayed the charac-
teristic leftward shift of the I/V relationship of 18 ± 3
mV (n = 7) (Fig. 2 d). These data indicate that in trypsin-
treated La 1(3/6 cells, "DHP pharmacology" became the
same as that observed in LCa. 11 cells (i.e., expressing the
a 1 subunit alone).
In a parallel set of experiments, we quantitated the
increase in Ba>2 current amplitude by Bay K 8644 in cell
lines coexpressing SKMa 1 and SKM,B in various mRNA
ratios. Cell lines La 1#/7 and La 1 a2fl/3 expressed Ba>2
currents with fast kinetics (Fig. 3, a and b), as previously
described for the La 1(d/6 and La Ify/ 1 cell lines (6). The
stimulatory effect of Bay K 8644 on the expressed Ba>2
current amplitude was reduced in all cell lines expressing
the d subunit. It is of interest to note that an increase in
the expression of SKM( is paralleled with a decrease in
Bay K 8644 enhancement of Ba2+ current amplitude
(Fig. 3 c). Thus, the subunit appears to regulate the
DHP sensitivity of the SKM Ca2> channel.
Our data provide evidence that the SKM# modulation
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FIGURE 2 Recovery ofDHP sensitivity after proteolytic treatment of
La 1(3/6 cells. (a) Sensitivity to 1 ,uM Bay K 8644 (TP + 20 mV, HP -
60 mV) of an a 11-related Ba2" current recorded in La 13/6 cell in
control condition. (b) In the same batch of La l(/6 cells, increase in
amplitude and slowing of the Ba2+ current after perfusion oftrypsin (1
mg/ml). Note that subsequent application of 1 ,M Bay K 8644 in the
bath increased the Ba2+ current amplitude. (c) Time dependence ofBay
K 8644-mediated increase of tail current amplitude in a La 1(3/6 cell
perfused with trypsin (1 mg/ml). 1 uM Bay K 8644 was present in the
bath. The tail currents after 30 s (1) and 330 s (2) are presented. (d)
Comparison of current-voltage relations (filled circles: Ctrl; filled
squares: 1 MAM Bay K 8644).
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FIGURE 3 Effect ofthe SKM,B subunit on the Bay K 8644 modulation
of Ba2" currents. (a) Ba2+ current and its Bay K 8644 sensitivity (1 JIM)
recorded on a cell coexpressing SKMal and SKM,B (La 1,3/7 cell line),
HP - 60 mV; TP + 20 mV. (b) The same experimental conditions for a
cell coexpressing SKMal, SKMa2, SKM,B, and SKMy (La Ia2,ly/3
cell line). (c) Ratio ofthe Ba2+ current stimulation by BayK 8644 in cell
lines coexpressing various ratios ofSKMa 1 and SKM(3. The open bars
represent the normalized control current amplitudes. The filled bars
stand for the Bay K 8644 stimulated current amplitudes. The mRNA
ratio for SKMal and SKM,B is presented on the top axis. The number
of tested cells is given on the bottom axis.
ofthe skeletal L-type Ca channel occurs by a direct inter-
action of the : subunit with intracellular regions of the
a 1 protein. Such interaction is also consistent with pre-
vious biochemical studies (see reference 20 for review).
Intracellular proteolytic treatment would result in a
disruption of the complex. The simplest interpretation
ofthese results is that the A subunit is removed by proteo-
lytic treatment since a 1 alone was not affected by such
treatment. From the deduced amino acid sequences, the
two subunits SKMa 1 and SKM3 possess numerous pu-
tative tryptic cleavage sites ( 181 and 63, respectively). All
ofthe intracellular regions ofthe SKMa 1, i.e., intracellu-
lar connecting loops, the NH2 terminal and the COOH
terminal, exhibit such putative tryptic cleavage sites (a
total of 1 12 sites). Interestingly, the loops between seg-
ments II and III and the COOH-terminal region contain
the highest number of these trypsin recognition sites (24
and 55, respectively). The specific regions affected by the
enzymatic treatment are not identified as yet. However,
the primary structure of the : subunit displays regions
(21), which are extremely sensitive to proteolysis (3). By
analogy with the "ball and chain" model for the control
of fast inactivation of Na+ channels (22), we suggest the
possibility that the f: subunit may play a "ball" role on
an intracellular "chain" of the complex. This model ap-
plies to the Shaker K+ channel as well, in which the
NH2-terminal portion plays the role of the "ball" (15,
16). However, the regulation of Ca2, channels may be
more complex than the Shaker K+ channel due to the
multisubunit nature of the former. The ball may in fact
be the SKMf3, an independent subunit. A similar situa-
tion might also occur in the case of Na+ channels, for
which inactivation could also be modulated by asso-
ciated subunits (23-25). Such a role for the A subunit is
critical for SKM Ca channel regulation since SKMa1,
expressed alone, displays very slow gating (5-7).
The results also suggest that the structural determi-
nants ascribed to DHP modulation are regulated from
the intracellular side. The proteolysis experiments lend
evidence that SKM3 can influence DHP sensitivity of
SKM Ca2" channels. In addition, the regulatory effects
ofthe SKM3 on DHP modulation ofSKMa 1 depend on
their relative level of expression, which is also consistent
with a structural interaction between SKMa 1 and
SKM,3. The interaction between SKMa 1 and SKM, ap-
pears to be an essential feature for regulation and plastic-
ity of skeletal muscle L-type Ca channels.
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